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Abstract 
The application of non-axisymmetric resonant magnetic perturbations (RMPs) to low current plasmas in 
the Mega Amp Spherical Tokamak (MAST) was found to be correlated with substantial drops in neutron 
production, suggesting a significant degradation of fast ion confinement. The effects of such perturbations 
on fast ions in MAST have been modelled using a revised version of a non-steady-state orbit-following 
Monte-Carlo code (NSS OFMC), in which the parametrization of fusion reaction rates has been updated 
and neutron rates have been recalculated. Losses of fast ions via charge-exchange (CX) with background 
neutrals and the subsequent reionization of fast neutrals due to collisions with bulk plasma particles have 
also been taken into account. The effects of the plasma response to externally-applied RMPs have been 
included in the modelling. The updated results show that computed neutron rates in the presence of RMPs 
with the plasma response and CX reactions taken into account agree very well with the experimental data 
throughout the analysis target time. CX reactions play an important role in determining the neutron rates, 
in particular before the onset of RMPs. 
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1. Introduction      
Resonant magnetic perturbations (RMPs) are externally-applied three-dimensional (3D) 
modifications to axisymmetric tokamak magnetic fields, the purpose of which is to 
mitigate or suppress edge localized modes (ELMs). They also potentially have the 
unintended consequence of degrading the confinement of energetic ions, including fusion 
alpha-particles in the case of a burning plasma, due to the violation of toroidal canonical 
momentum conservation arising from any non-axisymmetric fields (the orbits of 
collisionless particles in such configurations are discussed in [1]). It is intended that 
RMPs will be used to mitigate ELMs in the burning plasma ITER device, and predictive 
simulations for both the baseline [2,3] and steady-state [4,5] scenarios in ITER indicate 
that these perturbations could reduce significantly the neutral beam power available to 
heat the plasma. Modest levels of RMP-induced fusion -particle losses are also predicted. 
The possible impact of RMPs on fast ion confinement in ITER motivates us to seek a first 
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principles-based understanding of this impact in existing devices. This is the primary aim 
of the current paper.  
    Clear experimental evidence for a degradation of energetic ion confinement resulting 
from the application of RMPs has been obtained in two conventional tokamaks, ASDEX 
Upgrade [6] and DIII-D [7]. The application of RMPs to neutral beam-heated pulses in 
the Mega Amp Spherical Tokamak (MAST) with relatively low plasma current (400kA) 
was found to be correlated with substantial drops (almost a factor of two) in the measured 
fluxes of both neutral and charged fusion products [8]. Since almost all the fusion 
reactions in MAST were either beam-thermal or beam-beam, the drops in neutron and 
charged fusion product fluxes could be attributed to a loss of beam ion confinement. 
Simultaneous drops in fast ion deuterium-alpha (FIDA) emission provided further 
evidence for this interpretation.  
    The MAST neutron data reported in Ref. [8] have recently been modelled as part of 
the verification and validation of a newly-developed non-steady-state orbit-following 
Monte-Carlo (NSS OFMC) code [9]. Specifically, fast ions sampled from a realistic 
neutral beam deposition profile were tracked from birth to thermalization or loss using 
field and plasma parameters whose temporal evolution was constrained by the available 
experimental data in one specific pulse, #30086. Both of the MAST beamlines were used 
in this pulse, with primary injection energies Eb of 71 keV (beam power PNBI = 2.053MW) 
and 62keV (PNBI = 1.515MW). Both beamlines were parallel to the plasma current, with 
tangency radius equal to 0.7m, somewhat inboard of the magnetic axis in this pulse 
(1.04m). The partition of beam power between Eb , Eb/2 and Eb/3 is given for each 
beamline in Table 2 of Ref. [9]. With these parameters specified, the beam deposition 
profiles are then determined by the plasma density profile, which is discussed below. The 
magnetic axis of this pulse lay below the beamlines, with the result that the beam 
deposition profiles were relatively broad. The fast ion distribution function was used to 
compute an evolving total neutron rate which could be compared directly with that 
measured using the MAST fission chamber. The 3D perturbations to the fields were 
represented by both RMPs and toroidal field (TF) ripples, both calculated in the vacuum 
approximation. Significant differences were found between simulated neutron rates 
obtained using full orbit and guiding centre schemes to compute the fast ion orbits, 
indicating the importance of finite Larmor radius effects in the relatively low magnetic 
field of MAST (~0.4T). In a separate study of RMP-induced fast ion transport in MAST, 
carried out using a guiding-centre code [10], relatively modest fast ion losses were 
observed (a few percent), but this is likely to have been due in part to the fact that this 
calculation was performed for the case of an up-down symmetric plasma, with a fast ion 
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deposition profile that was more centrally-peaked than that of the pulses discussed in Ref. 
[8].          
    Two important effects that were neglected in the modelling reported in Ref. [9] were, 
first, the plasma response to the applied RMPs, and, second, losses of fast ions due to 
charge-exchange (CX) reactions with neutral particles. In the case of MAST, it has been 
found [11] that a toroidally-rotating plasma response typically suppresses resonant 
components of the RMP field (that is to say, components with toroidal and poloidal mode 
numbers m and n such that the local safety factor q = m/n). However, non-resonant 
components of the perturbation can be strongly amplified, with the result that the overall 
effect of the RMPs on fast ion losses could be increased. The amplification of non-
resonant components is due to coupling of the external perturbations to marginally stable 
kink modes with the same n [11-13]. Since low n kink modes tend to have broad 
eigenfunctions, this coupling process can have the effect of causing greater penetration 
of RMP fields into the plasma. The loss mechanism may itself be a resonant process, but 
the resonances in this case would be between the motion of the fast ions and a static field 
perturbation, which could be either resonant or non-resonant in terms of the local value 
of q. It is known from previous studies that CX losses can have a significant effect on the 
fast ion distribution in MAST [14], and therefore such losses should be taken into account 
for the purpose of modelling the total neutron rate.  
    Recently we have made a number of improvements to NSS OFMC, including the 
incorporation of CX reactions with background neutrals and subsequent reionization of 
fast neutrals. Details of the model used to represent these processes are given in section 
2. We have also updated the calculation of fusion reaction rates in the code using a 
parametrization of the cross-section as a function of energy in the centre-of-mass frame 
given by equations (8-9) in Ref. [15] and the parameters shown in Table IV of that paper. 
In the process of doing this, we found that the beam-thermal D-D reaction rate given by 
the previous version of NSS OFMC underestimated the rate by about 50%, due to the 
HendD 3),( cross-section being used instead of the total D-D cross-section. We stress that 
this underestimate was used only in the version of NSS-OFMC that was developed for 
the previous MAST analysis, and not in other versions of OFMC. Also, in the old version 
the birth velocities of NBI fast ions were specified by randomly selecting the ion gyro-
phase. It is more realistic to assume that the initial gyro-phase of an NBI fast ion is 
determined by the beam-line geometry and the magnetic field at the birth point. In this 
paper we re-analyze the experimental data of MAST pulse #30086 using the updated NSS 
OFMC code, taking into account CX losses and the plasma response to the RMPs. In the 
present work, all the calculations were made using the revised fusion reaction rate and 
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with initial velocities determined purely by the beam-line geometry and the local 
magnetic field. 
   As part of the updated analysis, the temporal evolution of electron plasma density (ne) 
and electron temperature (Te) profiles used in the NSS OFMC simulations was also 
modified to give a better fit to the experimental (Thomson scattering) data of MAST pulse 
#30086 before, during and after the period in which the RMP coil currents were ramped 
up (0.35s-0.37s). Specifically, ne and Te were assumed to change more slowly after the 
RMPs were turned on than in the previous analysis, as shown in figure 1 (note that the 
times corresponding to these profiles have been modified, but the profiles themselves 
have not changed). The assumed temporal variation of the plasma toroidal rotation was 
also modified to give a better fit to the measured (CX) data, as shown by the dashed curve 
in figure 2. In this figure fcoil(t) represents the RMP coil current normalised to its 
maximum value, while frot-Old(t) and frot-New(t) are, respectively, previous and updated 
representations of the plasma rotation rate normalised to its maximum value before the 
application of the RMPs. We assume that the shape of the rotation profile did not change 
in time; the model rotation profile before the application of RMPs, which is again based 
on CX measurements, is that shown in figure 8(C) in Ref. [9]. The other calculation 
parameters were the same as those listed in Ref. [9]. As before, the ion temperature Ti was 
assumed to be equal to Te. CX measurements show that Ti was in fact about 10-20% 
higher than Te across the plasma and at the times of interest. Changes in Ti have a direct 
effect on the thermonuclear contribution to the neutron rate, but this has no significant 
impact on the total neutron emission, since the thermonuclear component of this in MAST 
was about 1%. A modest underestimate in Ti has some effect on the beam-thermal neutron 
rate, but this effect is also very small since the primary beam injection speed was about 
eight times the maximum ion thermal speed [16]. The primary injection energy was 
sufficiently large compared to Te that the beam ions slowed down primarily as a result of 
electron drag.  
Simulated neutron rates obtained using the previous and updated versions of NSS 
OFMC, with and without CX effects taken into account, are compared for the case of 
vacuum RMPs in section 2. NSS OFMC calculations of neutron rates are compared with 
those computed with TRANSP in section 3, and rates obtained in the presence of RMPs, 
with the plasma response and CX reactions taken into account, are shown in section 4. 
The conclusions drawn from this study are presented in section 5. 
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2. Neutron rates from NSS OFMC for vacuum RMPs 
For the purpose of comparison with the results presented in Ref. [9], a simulation was 
first performed using the updated version of NSS OFMC using a full orbit scheme to track 
Figure 2. Time-variation factors for the RMP coil current fcoil, and the previous and 
updated normalised plasma rotation rates frot-Old, frot-New are shown by the solid, dotted and 
dashed curves respectively. 
Figure 1. Radial profiles of plasma density (A) and temperature (B) at time t < 0.36s, t = 
0.37s and t > 0.39s for the previous analysis and t < 0.36s, t = 0.38s and t > 0.40s for the 
updated analysis. 
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the fast ion orbits, with vacuum n = 3 RMP and TF ripple fields, and with CX effects 
neglected. Fast ions were assumed to be lost if they crossed an axisymmetric notional first 
wall, approximating the true three-dimensional geometry of plasma-facing components 
in the MAST vacuum vessel (see figure 5 in [9]). Details of the calculation of neutron 
rates in the non-steady state version of OFMC can be found in Ref. [9]. In brief, the code 
is used to track the full orbits of fast ions over a time interval which is intermediate 
between the fast ion orbital period (bounce or transit time) and the collisional slowing-
down time. For a given radial slice of the plasma, the appropriate fusion cross-section, 
together with the fast ion distribution function and the values of bulk plasma parameters, 
are then used to compute the number of neutrons produced in this time interval. Finally, 
a summation over radial slices is performed to obtain the total neutron rate as a function 
of time.   
The temporal evolution of the re-analyzed neutron rate is indicated by the closed 
triangles in figure 3. The experimental (fission chamber) data are shown by the black 
solid curve in figure 3. There is a substantial difference between the new results and the 
experimental data, even in the time before the onset of RMPs (t  0.35s). This motivates 
us to consider CX effects as a possible cause of fast ion losses which could occur in an 
axisymmetric field. 
Both CX reactions of fast ions with background neutrals and the subsequent 
reionization with bulk plasmas were taken into account in the new calculations. The two-
dimensional distributions of wall (Franck-Condon), halo and recombination neutral 
particles in the background plasma were individually calculated using Monte-Carlo 
techniques [17] and were summed up. The absolute value of the wall neutral density was   
determined by making the steady-state assumption that the total ionization rate of neutrals 
was equal to the bulk-plasma particle loss rate defined by the particle confinement time, 
which was prescribed as an input parameter. For the non-steady state calculations, the 2D 
neutral profiles were calculated as described above using the plasma parameters and NBI 
conditions at times t = 0.36s and t = 0.40s in MAST pulse #30086, assuming a particle 
confinement time of 10ms. Using the standard definition of the energy confinement time 
E as the ratio of plasma stored energy to auxiliary input power, we find thatE ranged 
from 16ms at t = 0.36s to 10ms at t = 0.40s. The particle confinement time used to model 
the 2D neutral profiles is thus reasonable if we assume that it was comparable to E. In 
the simulations the neutral distribution inferred for t = 0.36s was applied to the period 
prior to this time, while the neutral distribution inferred for t = 0.40s was applied to later 
times. For the period 0.36s < t < 0.40s, the neutral distribution was obtained by linear 
interpolation between these two profiles. The flux surface-averaged radial distribution of 
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the total neutral density is indicated in figure 4(A) at t = 0.36s and t = 0.40s by the solid 
and dashed curves, respectively. For the NBI primary injection energies in MAST pulse 
#30086 (71keV and 62keV), the CX ionization cross-section accounts for the major part 
of the total stopping cross-section, and consequently the halo neutrals are dominant in the 
plasma core region, as shown in Fig.4(A). The ratio of the slowing-down time s to the 
CX time CX is a good measure of the importance of fast ion losses due to CX. The CX 
time is given by 
                
CX
CX
vn 
=


0
1
, 
  
       
 
 
Figure 3. Revised neutron rates obtained using full orbit tracking in NSS OFMC for MAST shot 
#30086 with vacuum RMPs are shown as closed triangles. The neutron rates obtained with 
vacuum RMPs and CX reactions are represented by open triangles. The solid curve shows the 
experimental (fission chamber) data.1  
(1) 
1 As shown in Ref. [9] (see open circles in figure 9 of this paper), the neutron rate computed previously 
for this pulse using NSS OFMC with the same model field perturbations (vacuum RMPs and TF ripple) 
dropped from 3.41013s-1 before the onset of RMPs (t < 0.35s) to 2.61013s-1 at t > 0.39s. Generally, the 
updated neutron rates are about 30% higher than the previously-computed values. 
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where 
0n  is the neutral density and CXv   the flux surface-averaged CX reaction 
rate. Flux surface-averaged values of s/CX for a primary beam injection energy EB = 
71keV at times t  0.36s and t  0.40s are indicated in figure 4(B) by the solid and dashed 
curves, respectively.  
As shown in figure 4, the neutral density in the core region, which is mainly due to 
halo particles, is higher than 1014m-3, causing the ratio 
CXs  /  to be as high as 1.0 even 
in this part of the plasma, indicating that a substantial fraction of NBI fast ions are likely 
to have been lost due to CX before they had slowed down in this pulse. 
The simulated neutron rates with CX reactions taken into account are shown in figure 
3 by the open triangles. These agree very well with the experimental data before the onset 
of RMPs (t < 0.35s). However, there is still a very large gap between the neutron rates in 
this simulation and the MAST data after the onset of RMPs. The effect of CX loss of fast 
ions on the neutron rates is very significant before the onset of RMPs. The effect, however, 
is relatively small after the onset of RMPs. This implies that the loss time of fast ions due 
to RMPs is shorter than the CX loss time.  
 
 
 
Figure 4. Flux surface-averaged radial distribution of the total neutrals (A) at times t  0.36s 
and at t  0.40s are shown by the solid and dashed curves, respectively. The contributions of 
different neutral components [halo, recombination and wall (Franck-Condon) neutrals] at t  
0.36s are also shown in (A). The surface-averaged ratios of the slowing down time to the CX 
time s/CX for the main beam energy EB = 71keV at times t = 0.36s and 0.40s are indicated in 
(B) by the solid and dashed curves, respectively. 
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3. Comparison of neutron rates from NSS OFMC and TRANSP 
The neutron rates obtained using the NSS OFMC code were compared with those 
computed with the NUBEAM fast particle module of the TRANSP code [18]. For this 
comparison, calculations using NSS OFMC were made for an axisymmetric field and 
using a guiding-centre orbit-following scheme to track the fast ions (NUBEAM also uses 
guiding-centre tracking). The results with and without CX reactions are shown in figure 
5 by open and closed squares, respectively. The results from TRANSP without anomalous 
(non-classical) diffusion are shown by the solid curve, taken from figure 4 in Ref. [8]. 
Like the updated version of NSS OFMC, TRANSP/NUBEAM models the interaction of 
beam ions with neutrals, but the neutral density used to generate the TRANSP results 
shown in figure 5 was about an order of magnitude lower than that used in the NSS OFMC 
simulations. As noted in section 2, the NSS OFMC neutral density profiles correspond to 
a particle confinement time that is comparable to the known energy confinement time 
during the relevant time interval in this pulse, and these profiles are thus likely to be closer 
to the true profiles than those used in the TRANSP simulation. 
The open and closed squares in figure 5 are close together, indicating that in this case 
CX reactions have only a small effect on the predicted neutron rate. Both rates are also in 
good agreement with those from TRANSP at late times, but the TRANSP rate is about 
10% lower at early times (t < 0.37s). The source of this small discrepancy is not known, 
but it could be due to minor differences in the evolving bulk plasma profiles used in the 
modelling. For reference, results using the full orbit-following scheme in NSS OFMC are 
also shown in figure 5 by the crosses. As shown in figure 11(B) in Ref. [9], the neutron 
yield 
nY  changes nonlinearly along the full orbit with respect to the radial position. As a 
result, the gyro-averaged neutron yield in the full orbit calculation is smaller than that 
obtained by tracking the particle guiding centre. The local value of the slowing-down time 
s changes in a similar fashion along the full orbit. The slowing-down time and the neutron 
rate averaged over one bounce motion of the guiding centre were calculated for NBI-
produced fast ions with an injection energy 71keV using both full-orbit and guiding-
centre following schemes. The ensemble-averaged slowing-down time and the neutron 
yield per fast ion calculated in the full-orbit following scheme, 
−FOs
 and 
−FOn
Y , 
were compared to those in the guiding-centre following scheme, 
−GCs
 and 
−GCn
Y . 
The calculation results are 87.0/ = −− GCsFOs  and 97.0/ = −− GCnFOn YY . 
The total neutron rate is approximately proportional to the fast ion density, and hence 
(under steady-state conditions) to the product of the slowing-down time and the yield per 
fast ion. The difference between the open squares and crosses in figure 5 can thus be 
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attributed mainly to finite Larmor radius effects on the orbit- and ensemble-averaged 
slowing-down time. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4. Neutron rates in the presence of RMPs with plasma response 
As shown in figure 3, a large difference remains between the neutron rates calculated with 
vacuum RMPs and the experimental data in the period after the onset of the RMPs. 
However, as discussed in section 1, it is well-known that RMPs are substantially modified 
by the plasma [11-13]. The plasma response to RMPs applied in MAST pulse #30086 was 
estimated using the MARS-F code, which employs a linear, fully toroidal, single-fluid 
resistive magnetohydrodynamic (MHD) model [19]. Due to aliasing effects, RMPs with 
dominant toroidal mode number nrmp in a tokamak equipped with ncoils RMP coils have a 
significant sideband harmonic with mode number ncoils – nrmp [20]. In the case of MAST 
ncoils = 12 and, as mentioned previously, the RMPs in pulse #30086 had nrmp = 3, so that 
the total field perturbation had a large amplitude sideband with n = 9. This is taken into 
account in the MARS-F modelling of the plasma response to the RMPs in #30086. Figure 
6 shows the computed poloidal dependence of the radial component R of (A) plasma 
response RMPs, (B) vacuum RMPs and (C) TF ripple along magnetic surfaces with 
normalized poloidal flux  = 0.6 (solid curves),  = 0.8 (dashed curves) and  = 1.0 
Figure 5. Neutron rates obtained from NSS OFMC with guiding-centre (GC) tracking of 
fast ion orbits for MAST pulse #30086 in an axisymmetric field with and without CX 
reactions are shown by the open and closed squares, respectively. The results from TRANSP 
without artificial diffusion are shown by the solid curve. NSS OFMC results obtained using 
a full-orbit (GY) following scheme are also shown by the crosses. The vertical dashed line 
indicates the time at which the RMP coil current started to be ramped up in the experiment.  
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(dotted curves). The quantity R is defined here as (BR-max – BR-min)/(2Bax) where Bax  
0.39T is the vacuum magnetic field at the magnetic axis and BR-max, BR-min are maximum 
and minimum values in the toroidal direction. An important point to note from this plot 
is that while the plasma has very little effect on the maximum field perturbation, the 
plasma response RMP field has a significant amplitude over a much larger range of 
poloidal angles than the vacuum RMP field, which is confined to a region close to the 
RMP coils. This illustrates the point made in section 1 that the coupling of RMPs with 
plasma eigenmodes can cause greater penetration of the perturbation into the plasma. For 
values of  closer to the magnetic axis than those used in figure 6 show, we find that R 
is negligibly small for all poloidal angles in the vacuum case, but still significant in the 
plasma response case. Given that the fast ion density falls off rapidly with distance from 
the magnetic axis, it may be expected that the effects of the plasma response on the 
confinement of those ions could be substantial.   
The neutron rates in the presence of RMPs that include the effects of the plasma 
response, with and without CX reactions, are indicated in figure 7 by open and closed 
circles, respectively. For comparison, the neutron rates in the presence of vacuum RMPs 
with and without CX reactions, which appear in figure 3, are also shown in figure 7 by 
open and closed triangles, respectively. For reference, the neutron rates in an 
axisymmetric field without CX reactions are shown by the crosses. All the results shown 
in figure 7 were obtained using the full-orbit following scheme in NSS OFMC. 
Figure 6. Poloidal variation of the radial component of plasma response RMPs (A), vacuum 
RMPs (B) and TF ripple (C) along the magnetic surfaces with normalized poloidal flux  = 0.6 
(solid curves),  = 0.8 (dashed curves) and  = 1.0 (dotted curves). R is defined as (BR-max – 
BR-min)/(2Bax) where Bax  0.39T is the vacuum magnetic field at the magnetic axis and BR-max, 
BR-min are maximum and minimum values in the toroidal direction. 
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The results shown by the crosses in figure 7 indicate that even the relatively small 
changes in plasma parameters shown in figure 1 can cause a substantial reduction in 
neutron rates. This implies that a non-steady-state treatment, such as that employed in 
Ref. [9] and in the present paper, is required for the quantitative analysis of RMP-induced 
fast ion losses in pulses such as this. The difference between the crosses and the closed 
triangles before the onset of RMPs (about 15%) is due to the effects of TF ripple, while 
the difference after the onset of RMPs is due to the combined effects of TF ripple and 
RMPs. The reduction of the neutron yield due to TF ripple alone is thus quite significant 
in pulse #30086. As discussed in Ref. [9], this is likely to be due to the relatively low 
plasma current in this particular pulse, causing radial excursions of fast ions into regions 
with high ripple amplitude. As shown in figure 7, the neutron rates in the presence of 
RMPs with both the plasma response and CX reactions taken into account agree very well 
with the experimental data throughout the analysis target time. Comparing results 
obtained with and without the plasma response to RMPs, we conclude that it is essential 
to include this response in the modelling in order to reproduce accurately the experimental 
data from MAST. 
      
Figure 7. Revised neutron rates obtained using full orbit tracking in NSS OFMC for MAST 
pulse #30086, taking into account the plasma response to RMPs, are shown by open and closed 
circles for simulations with and without CX reactions, respectively. The revised neutron rates 
for vacuum RMPs, with and without CX reactions, are shown by open and closed triangles, 
respectively. The experimental (fission chamber) data are shown by the solid black curve. The 
neutron rates in an axisymmetric field with CX reactions are shown by the crosses. 
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5. Summary 
A number of improvements have recently been implemented in the NSS OFMC code, in 
particular the inclusion of a scheme for representing charge-exchange losses of fast ions 
in addition to those arising from RMPs. The parametrization of fusion reaction rates in 
the code has also been updated. As an application of the code, neutron rates in a MAST 
pulse with RMPs have been recalculated, taking into account not only the loss of NBI 
fast ions in 3D fields representing RMPs (with the plasma response to these perturbations 
taken into account) and toroidal field ripple, but also the loss of fast ions via CX reactions 
with background neutrals and the subsequent reionization with bulk plasma. The 
reanalyzed neutron rates agree very well with the experimental data throughout the 
analysis target time. In order to reproduce the measured neutron rates, it is essential to 
model the plasma response to the RMPs, and CX reactions also play an important role, 
in particular before the onset of RMPs. After the onset of RMPs, CX effects are less 
important, possibly due to the loss time associated with the RMPs being shorter than that 
due to CX.   
It should be noted that the NSS OFMC modelling reported here does not include all 
of the possible processes that could have contributed to the fast ion transport in MAST 
pulse #30086. In particular the effects of MHD instabilities and ELMs were not taken 
into account. However, as noted in Ref. [8], both MHD activity and ELMs were of 
relatively low amplitude during the period of RMP application in this pulse, and it is 
therefore likely that they made only a small contribution to the fast ion losses. In any case 
the results presented in this paper provide useful insights into the relative importance of 
RMPs, the plasma response to such perturbations, TF ripple and charge exchange 
reactions with neutrals in determining the overall fusion performance of spherical 
tokamak plasmas.      
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